Abstract-Transmembrane potentials were recorded from pacemaker cells of the isolated rabbit sinoatrial node. Following exposure to Ca++ -free media, the pacemaker rate was accelerated, and the maximal diastolic potential, threshold potential and overshoot were decreased. Increase in the gradient of diastolic depolarization by norepinephrine and dibutyryl cyclic AMP was diminished by removal of Ca from bathing media. The positive chronotropic effect of norepinephrine was markedly attenuated by removal of Ca ++, as was the effect of theophylline and dibutyryl cyclic AMP, which was not significantly influenced by propranolol.
Recent studies have demonstrated that cyclic AMP applied intracellularly elicits an increase in the slope of diastolic depolarization in cardiac specialized tissues including the sinoatrial node and Purkinje fiber, resulting in a tachycardia (1-3). These effects are quite similar to those seen with the stimulation of sympathetic nerves or the addition of catechol amines, except for the fact that the effects of the nucleotide are not inhibited by beta-adrenergic blocking agents. Catecholamines increase the production of cyclic AMP in not only atria] and ventricular myocardium but also in specialized tissues such as sinoatrial nodes (4) and Purkinje fibers (5) . These findings support the hypothesis that the ad enylate cyclase-cyclic AMP system is involved in the genesis of catecholamine-induced tachycardia.
Electrophysiological studies in this laboratory have revealed that the stimulation of sympathetic nerves or the addition of catecholamines to isolated rabbit sinoatrial nodes Present address: Department of Pharmacology, Shiga University of Medical Sciences, Seta, Ohtsu 520-21, Japan causes a rapid increase in the slope of slow depolarization late in diastole (6 , 7) . However, the ions mainly involved as charge carriers in the increased rate of diastolic depolarization have yet to be determined. The present study was therefore undertaken to clarify the role of Ca-1 + and Na I in the genesis of norepinephrine-induced tachycardia in the isolated rabbit sinoatrial node.
MATERIALS AND METHODS
Albino rabbits of both sexes, weighing 1.8 to 2.2 kg, were sacrificed under ether anes thesia by bleeding from common carotid arteries. The heart was rapidly removed, ventricles and the left atrium were discarded and the right atrial preparation was prepared. The specimen was fixed between hooks, endocardial surface uppermost, under a resting tension of 300 to 400 mg in a muscle bath of 20 ml capacity containing the nutrient solution. The bathing media were maintained at 304-0.5'C and aerated with a mixture of 95% 02 and 5%0 C02. Hooks anchoring the atrial appendage were connected to the lever of a force displacement transducer (Nihonkoden Kogyo Co., Tokyo). Atropine in a concentration of 10-s M was added to the choline-substituted solutions.
Preparations were allowed to equilibrate for 60 to 90 min in control media, before the start of experiments.
Transmembrane potentials were recorded from single pacemaker cells in the sinoatrial node by the use of glass microelectrodes having resistances of 10 to 30 megohms. The membrane potential was recorded from a VC-7 oscilloscope (Nihonkoden Kogyo Co.) on moving films. Parameters of the membrane potential measured were (1) maximal diastolic potential, (2) threshold potential, taken at the level where the rapid transition from the diastolic depolarization to the upstroke occurred, (3) overshoot (when the amplitude of action potentials was less than the maximal diastolic potential, the difference was presented as `minus' overshoot), (5) 10% and 90% duration, defined as the duration at the level of 10% and 90% action potential amplitude, respectively, (6) cycle length, and (7) average gradient of diastolic depolarization which was calculated by the following equation, maximal diastolic potential-threshold potential gradient = (mV/sec). i nterval between maximal diastolic potential and threshold Absolute values of the parameters were compared in preparations exposed to control media and those exposed for 3 to 15 min to norepinephrine or theophylline, for 20 to 40 min to dibutyryl cyclic AMP and for 30 to 50 min to Ca++-free, Mn++-added or verapamil-added solutions. Pacemaker action potentials were also displayed on an ink-writing oscillograph (Sanei Sokki Co., Tokyo) or on a Sanborn penwriter.
Pacemaker Statistical analyses between means were made using Student's t-test.
RESULTS
Efects of norepinephrine, theophylline and clibutyryl cyclic AMP on the membrane potential of pacemaker cells Table 1 The positive chronotropic effect of norepinephrine especially at low concentrations (2 x 10-8 to 5 >:10_1 M) was markedly attenuated in atria exposed for 20 min to Cal +-free media (Fig. 1) . The maximum rate obtained following the addition of 5 l0-s M norepine phrine in Ca++-free media was appreciably less than that in control media, but the rate was increased to that seen in control preparations by adding 2.2 mM Ca+;-.
Removal of Ca++ attenuated the positive chronotropic response to theophylline (2 /, 10-~ to 2 r. 10 M) as did the response to norepinephrine. Table I . The maximal diastolic potential, threshold potential, overshoot and gradient of diastolic depolariratiun were decreased, and the 10% and 90"/ action potential durations were prolonged.
Treatment
with Mn++ in concentrations higher than 0.3 mM shifted the dose chronotropic response curve of norepinephrine to the right and downward (Fig. 2) . The
Mn-induced inhibition was almost completely reversed by the addition of 4.4 mM Ca++
Verapamil in a concentration of 10-6 M significantly decreased the gradient of diastolic depolarization, maximal diastolic potential, overshoot and 10% duration ( Table 1 ). The cycle length increased. Following the addition of norepinephrine, the 90 duration decreased (P<0.02) and the gradient of diastolic depolarization increased (P<0.001).
However, the average increase in the gradient in verapamil-treated atria (32.3 mV/sec) was appreciably less than that in control atria (63.4 mV/sec). Typical recordings of pacemaker action potential in response to norepinephrine in verapamil-added media are illustrated in Fig. 3 . Bradycardia and subthreshold oscillations were followed by tachycardia shortly after the addition of norepinephrine in 3 out of 4 preparations.
The positive chronotropic effect of norepinephrine was inhibited in atria treated with verapamil in concentrations higher than 2 x10-7 M. The inhibitory effect of veraparnil was not reversed by Ca++ (Fig. 4) (6) . Removal of Ca++ and the addition of verapamil or Mn-1' also produced a significant decrease in the maximal diastolic potential in association with a less decrease in the threshold potential, these changes making it feasible for the diastolic membrane to depolarize easily to the level at which influxes of Cal I can be stimulated in the presence of norepinephrine.
In fact, Na l deficiency decreases the maximal diastolic potential and potentiates the effect of norepinephrine on pacemaker activities (6).
It appears that norepinephrine increases the production of cellular cyclic AMP which results mainly in increased permeability of Call at the membrane potential of -35 to -40 mV at which Call channels are open (23) (24) (25) . This opening occurs during diastole in pace maker cells since threshold potential measured was --35 mV (Table 1) 
